Optical coherence tomography (OCT) is a promising method in the early diagnosis of oral cavity cancer. The objective of the present study is to determine normal values of epithelial thickness in the oral cavity, as no such data are to be found in the literature. In healthy test persons, epithelial thickness of the oral mucosa was determined with the help of OCT separately for each side at nine different locations. Special attention was directed to those sites having the highest incidence for the development of dysplasias and carcinomas. Depending on the location within the oral cavity, the epithelium demonstrated a varying thickness. The highest values were found in the region of the tongue and the cheek, whereas the floor of the mouth showed the thinnest epithelium. Our data serve as reference values for detecting oral malignancy and determining the approximate grade of dysplasia. In this circumstance, a differentiated view of the different regions is important due to the variation in thickness of the epithelium within the normal oral cavity.
Introduction
The majority of oral cavity cancers develop from premalignant lesions, also known as leukoplakias [1] . The difficulty of determining whether such lesions are merely dysplasias or already carcinomas represents a constant therapeutic dilemma. Apart from excisional biopsy, there exist no validated methods for detecting malignant transformation in vivo so far.
In this respect, optical coherence tomography (OCT) seems to be a highly promising imaging modality. This new method shows a working principle similar to ultrasound imaging [2] . However, instead of sound, near infrared light from a superluminescent diode is used, which is split into a reference and sample arm within a beam splitter. The reference arm is reflected unchanged from a mirror, whereas the sample arm penetrates tissue where it is scattered.
Both arms are superimposed again within the same beam splitter, giving rise to an interference signal. The latter can be discerned from a detector and evaluated at a computer, which allows a detailed insight into the structure of the investigated tissue [3] .
It is only recently that OCT has been used more systematically for the investigation of oral cavity lesions [4] [5] [6] [7] [8] [9] . However, no data about reference values of epithelial thickness in this region are to be found in the literature. Therefore, the aim of the present study is to determine normal values of epithelial thickness within the oral cavity with special attention to those sites having the highest incidence for the development of dysplasias and carcinomas.
Methods
In a prospective study, epithelial thickness of the oral mucosa was determined in 103 healthy volunteers with clinically normal mucous membranes. OCT within the oral cavity was carried out in contact mode under direct view without the use of local anesthetics. For this purpose, we used the commercial Niris OCT imaging system (Imalux, Cleveland, OH). This fiber-based interferometer is provided with a piezoelectric scanner for rapid acquisition of cross-sectional images illustrated as a two-dimensional picture on a computer monitor. From a technical point of view, a low-coherence light source with a central wavelength of 1300 nm is used yielding a spatial resolution of 10-20 Pm and a depth of penetration between 1-2 mm depending on the turbidity of tissue. In such a manner, a 200 x 200 pixel image of 2 mm length is acquired within 1.5 seconds. The refractive index of the oral cavity was set at 1.4 as proposed in the literature [10] . A specially designed applicator was used to insert the probe, which remarkably facilitated its positioning to the region of interest. In each case, OCT measurements were performed bilaterally at nine different locations within the oral cavity. These included the hard palate, the uvula, the anterior palatine arch, the inside of the cheek, the tonsils, the base of tongue, the edge of tongue as well as the lateral and anterior floor of the mouth.
Results
The normal oral mucosa shows a translucent (in the OCT image brown) epithelium. The basement membrane can be recognized as a clear dividing line between the surface epithelium and the underlying lamina propria. Its integrity is of particular significance when distinguishing benign lesions from invasive cancers. The next layer is the more scattering (in the OCT image yellow) lamina propria with its embedded vessels (Figure 1 and 2 ).
Depending on the location within the oral cavity, the epithelium demonstrated a varying thickness. The highest values were found in the region of the tongue and the cheek, whereas the floor of the mouth showed the thinnest epithelium (Table 1) . Representative examples for our measurements are found in Figure 1 , which shows a relatively thin epithelium of the lateral floor of the mouth, and Figure 2 with a markedly thicker epithelium of the inner cheek.
Finally, two locations such as the tonsils and the base of tongue had to be excluded from our study. On the one hand, the tonsils present with a highly irregular surface due to their crypts, which do not allow reliable measurements of epithelial thickness. On the other hand, the base of tongue is not really accessible with a straight forward scanning probe.
Discussion
So far, there exist no reliable methods for routine identification of precancerous and cancerous lesions of the oral mucosa. The spatial resolution of current imaging techniques such as sonography, computed tomography (CT) and magnetic resonance imaging (MRI) is insufficient for the detection of pathological changes at epithelial level [11] [12] . Other methods of investigation such as contact endoscopy are based on the use of in vivo stains such as methylene blue, acetic acid or indigo carmine. Though achieving a high resolution of up to 5 μm, only the most superficial layers of the epithelium can be examined with the help of this method [13] . Hence, for the first time, OCT provides the option to assess the mucosa in vivo without the need for application of chemical substances. Commercial fiber-based OCT imaging systems yield a resolution between 10-20 μm and a depth of penetration between 1-2 mm depending on the turbidity of the investigated tissue. Since its development and first applica-tion to biological tissue, OCT has undergone further technical refinement [2] . Currently, it can already provide a near-histological image of the mucosa in a real-time mode.
OCT found its first clinical application in ophthalmology [14] . In the last few years, many reports about the use of OCT in other specialties have been published [3, [15] [16] . Due to its easy accessibility, the oral mucosa represents an outstanding location for the application of OCT. In 2004, Fomina et al [4] [5] published the first highly promising data in Russian. In a total of 56 oral cavity lesions, they found a sensitivity of 83% and a specificity of 98% for OCT in the detection of oral malignancy. Additionally, these authors showed the first comparative OCT and histological images of normal oral mucosa. In the same year, the research group of Wilder-Smith et al [6] [7] [8] was also able to demonstrate that OCT is an interesting method for the evaluation of both healthy and pathologically altered oral mucosa. Only two years later, Ridgeway et al [9] published a series of OCT images of normal and pathological lesions within the oral cavity and oropharynx.
In previous investigations, we were able to demonstrate a progressive thickening from normal epithelium through the different grades of dysplasia to early invasive carcinoma in vocal fold lesions [16] . Hence, with the help of OCT, the grade of dysplasia could be determined approximately by morphometric measurement of epithelial thickness [18] . In view of the similarity of the epithelial structure, it is likely that the same is true for the oral mucosa. Hence, two different OCT criteria, namely the thickness of the epithelium and the integrity of the basement membrane, can be used to draw conclusions regarding the possible nature (malignant vs benign) and the approximate grade of dysplasia of a lesion [18] .
In this respect, our study provides the first reference values for epithelial thickness within the oral cavity. However, according to our results, a differentiated view of the different regions is important due to the variation in thickness of the epithelium within the normal oral cavity.
When assessing oral malignancy, we should keep in mind that some benign lesions such as ulcers and aphthae are also associated with the absence of a basement membrane. Furthermore, there exist a few conditions such as the lichen ruber mucosae, in which the basement membrane may be difficult to identify due to a lymphocytic infiltration at the dermoepithelial junction.
Conclusions
Excisional biopsy followed by histologic examination remains the method of choice for a reliable assessment of oral cavity lesions. However, OCT is able to identify dysplasias or carcinomas prior to surgery. With the help of this knowledge, the surgeon may either directly carry out complete excision of smaller tumors or, in case of more extensive lesions, just take a targeted biopsy at the site where malignancy is most strongly suspected.
